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Abstract

In this paper, we present a method to quantify the effectiveness of carbon mitigation options
taking into account the “permanence’ of the emissons reduction. While the issue of permanence
is most commonly associated with a*“leaky” carbon sequestration reservaoir, we argue thet thisis
an issue that gppliesto just about al carbon mitigation options. The gppropriate formulation of
this problem isto ask ‘what is the vaue of temporary storage? Vauing temporary storage can
be represented as a familiar economic problem, with explicitly stated assumptions about carbon
prices and the discount rate. To illustrate the methodol ogy, we ca culate the sequestration
effectivenessfor injecting CO; at various depthsin the ocean. Andysisis performed for three
limiting carbon price assumptions. constant carbon prices (assumes constlant margina damages),
carbon pricesrise at the discount rate (assumes efficient alocation of a cumulative emissions cap
without a backstop technology), and carbon pricesfirt rise a the discount rate but become
constant after a given time (assumes introduction of a backstop technology). Our results show
that the value of relatively deep ocean carbon sequestration can be nearly equivaent to
permanent sequestration if margind damages (i.e., carbon prices) remain congtant or if thereisa
backstop technology that caps the abatement cost in the not too distant future. On the other
hand, if climate damages are such asto require afixed cumulaive emissons limit and thereis no
backstop, then a storage option with even very dow leskage has limited vauerelaiveto a
permanent storage option.

I ntroduction

Management of greenhouse gases using carbon sequestration technologies (Herzog et al., 2000;
Herzog, 2001) is being proposed to complement mitigation strategies that improve energy
efficiency or increase the use of non-fossl energy sources. Reichle (1999) defines carbon
sequestration “ as the capture and secure storage of carbon that would otherwise be emitted to or



remain in the amosphere.” Reservoirsto provide for the storage of carbon include underground
geologic formations, trees and soils, and the deep ocean. However, these reservoirs are not
necessarily permanent. This poses the chalenge of how to quantify the benefits of temporary
carbon storage, for example on the time-scales of decades or centuries.

The issue of permanence is currently being hotly debated, primarily as it gpplies to carbon
sequedtration in trees and soils (Marland et al., 2001). In this paper, we propose a methodology,
based on fundamenta economic principds, to quantify the benefits of carbon sequedtration in a
nonpermanent reservoir. We then define * sequestration effectiveness’ asthe ratio of the bendfit
gained from temporary storage compared to the benefit gained if the storage was permanent.

This method is applied to an ocean carbon sequestration example, but can just as easily be
applied to other storage reservoirs, such astrees and soils or even currently unused fossl

reserves in the ground.

Background
The | ssue of Permanence

Most attention to the issue of permanence has been on biological sequestration (Noble et al.,
2000), but many of the same concepts are directly gpplicable to the issue of ocean sequedtration.
In both cases, carbon is either removed from or kept out of the atmosphere, but some or al of it
may ultimately return to the atmosphere. This has contributed to the idea that one ought to pay a
lower price for sequestered carbon compared to the price paid for “avoiding” carbon emissonsin
the firgt place (termed “avoided emissions’ in this paper). For example, initssmplest form, if a
ton of carbon is sequestered with one-hdf legking into the atmosphere over time, then as afirg
gpproximation the value of sequestering aton of carbon should be one-hdf the vaue of aton of
avoided emissons. Unfortunately, the situation is much more complex than suggested by this
ample example.

Thefirg complexity dedswith defining avoided emissions. Conventiond wisdom associates
avoided emissions with reduced use of fossl fuds (e.g., from improving energy efficiencies,
increasing conservation, shifting to non-fossl energy sources, etc). It isargued that if aton of
fossl fuel isnot used, its emissions are avoided forever. However, as pointed out by Noble et al.
(2000), the idea that aton of foss| emissions avoided today is avoided forever is not necessarily
an accurate characterization of the problem because that unburned fossil fud may till be mined
and burned later. In fact, economic considerations lead one to conclude that aton of avoided
emissions today will, absent an absolute quantity condraint on emissionsin dl regions through
time, mean higher emissonsin the future. The Smple reasoning isthat the price path of fossl

fud will be lower in the future because these inexpensive resources il exist and therefore the
future use of fossl fuels and carbon emissons would increase. Thus, there will be leskage into
the future from avoided emissions that is analogous to the leakage of carbon from sequestration
reservoirs. Thetempord leskage from a carbon policy is andogous to well recognized spetial
leakage that occurs when only part of the world undertakes a carbon policy. In other words, the
ideathat avoided fossil fud emissonstoday are avoided forever isin error.



Further complicating the issue is the redization that there may be vaue to having carbon
temporarily removed from the atmosphere. For example, Wigley et al. (1996) make severa
cas=s for the value of ddaying fossil emissions reductions, including the value of avoiding
premature capital stock retirement, the time vaue of money (economic discounting), and the
possibility of technologicd developmentsthat will make fossil fud dternatives chegper. Any of
these cases for delay of fossl fuel emissons reductions can also be seen as a case for temporary
sequestration; rather than accept the higher concentrations and damages that would result from
delay in emissons reductions one can avoid them through sequestration offsets even if they are

only temporary.
Ton-year Accounting

Attempts to value temporary storage has led many anaysts to propose a ton-year accounting
gpproach where carbon sequestration is valued on the basis of both the number of tons
sequestered and years over which it is sequestered (Noble et al., 2000). While there are many
different formulations of the ton-year approach, most have artificidly truncated the time horizon.
A common assumption is to assume that storage of 100 years or more is permanent storage and
therefore equivdent to areduction in foss| fue emissons. Storage of lessthan 100 years(say T
years) would be credited less. The “discount” for non permanent storage is based on difference
in the integrated atmospheric carbon over the 100 years from a pulse of carbon removed from the
atmosphere a time t=0 and re-emitted to the atmosphere a time t=T based on asmulation of a
carbon cycle modd. The rationale for the 100-year horizon is based on the argument that the
problem of comparing carbon storage of different lifetimesis conceptualy equivadent to
comparing greenhouse gases of different lifetimes. This comparison has aready been addressed
by the congtruction of Globa Warming Potentia indices (GWPs), with those adopted in the
Kyoto Protocol based on 100-year horizons. However, many have pointed out that the GWPs
lack any fundamenta economic (or other) rationale and that their application can have
undesirable consequences (Schmalensee, 1993; Eckaus, 1993; Rellly and Richards, 1993;
Kandlikar, 1995, 1996; Reilly et al. 1999; Manne and Richels, 2001; Rellly et al., 2001a), thus
thisline of argument offers weak support for the ton-year ideaif it does not damn the
formulation outright.

The peculiarity of thistonyear concept isthat the vaue of temporary storageis completely
determined by the choice of the time horizon that is consdered to be permanent. A short horizon
will make temporary storage vauable while along horizon will givelittlevduetoit. Thereisno
connection to underlying economic conditions that would determine a carbon price and no other
basis provided for choosing 100 years or any other horizon length. Indeed, deep ocean storage is
essentidly permanent if 100 yearsis adopted as the horizon in aton-year gpproach. Asfar asthe
topic of this paper is concerned, adopting the ton-year convention with a 100-year horizon would
lead one to conclude that ocean sequestration is equivaent to avoided emissions. As the tonyear
formulation hasits roots in the GWP formulation it is not surprising that asmilarly perverse

result is obtained for estimating GWPs for the very long-lived (1000s of years) greenhouse

gases. The 100-year GWPs consder only the radiative effects of the first 100 years of gaseslike
SFs and CF, and thus completdly ignore the radiative effects over the remaining lifetimes of 3100
and 49,900 years respectively. Short-lived versus long-lived greenhouse gases and short-term
and long-term temporary storage thus face smilarly asymmetric trestment in these formulations.



An Economic Approach

Noble et al. (2000) dso review what is, in our view, the smplest and the correct management
approach for sequestration. They refer to the approach as treating removals and emissons as
separate events. The ideais that when one removes aton of carbon, one receives the going price
of carbon. When aton of carbon is released the owner of this carbon must then purchase a credit
from esawhere a the going price. The purchase will in turn lead to one less ton of net emissons
elsawhere. This gpproach reinforces the idea that sequestration is, in fact, no different than
avoided emissons. If one avoids aton of emissonsin year one, a credit is earned that can be
sold. If oneturns around and emits an extraton of carbon next year, then one must buy a credit
a the prevailing price and that means that someone € se must reduce emissions by the extraton.
Aswith production of dl other commoditiesin the economy, those who make long-lived
investments (such as planting atree or ingaling carbon remova equipment) must make an
esimate of the likely price path of the good they are producing (emissions reduction/carbon
sequestration) and compare the rate of return on that investment with other waysto invest the
money. A caculation based on the expected price path of carbon and dternative rates of return
must be made when an investment is consdered. Any particular investor’ s expectations may
prove to be wrong, and then there will be capital gains or capital losses. But the chance, and
indeed likelihood, of being wrong does not mean that one should not use one's best estimate of
the future price path a the time an investment ismade. A key dement of this gpproach is that
carbon, once sequestered, creates a permanent liability for the owner. Here there may be some
differences between ocean and geologic or terrestrid storage. 1t isnat, in principle, difficult to
associate a permanent liability with aplot of land or ageologic reservoir, monitor the carbon and
insure that the owner and succeeding owners have credits to cover any release whether due to
natura conditions or changed management of the sequestered carbon. However, with ocean
sequedtration it is not practica to determine specific liability for carbon returning from the ocean
to the atmosphere when some of the carbon has been naturally taken up by the ocean while other
carbon may have been intentionaly sequestered by any number of different firms or agents.

Carbon Prices and the Discount Rate

A mgor rationae for the schemes such as the ton-year approach isthat they can be ca culated
without an explicit price path or discount rate. Proponents see these economic variables as
particularly uncertain and speculaive. Y et, avoiding an explicit trestment of these economic
variables means that the choice of other vauesimplies particular and sometimes peculiar vaues
for economic variables. For example, Reilly and Richards (1993) show that the 100-year time
horizon is equivaent to assuming constant margind cost damages, a discount rate of zero for the
first 100 years and a discount rate of infinity thereafter. Rally et al. (2001a) point to the further
peculiarity of this assumption in that recent economic work has suggested that a declining
discount rate should be used for very long term problems whereas the GWP formulation assumes
the extreme opposite, with adramaticaly higher discount rate for the very long term.

We confront the issue of the long-term value of carbon storage and the discount rate directly as
these are values, that while admittedly highly uncertain, where one can gpped to an underlying
rationde. The mathematical formulation is presented in the next section. For the ocean



sequestration problem, we must concern oursalves with hundreds and thousands of years and we
thus require some relatively smple but powerful assumptions. In this regard, the next section
aso formulates the future price path of carbon based on three such rationales.

Calculating Sequestration Effectiveness
Mathematical Formulation

The net present value (NPV) of the benefits of a carbon sequestration strategy can be caculated
asfollows

NPV = (5 p(OA()E "dt )

where p is the carbon price ($/tonne), A is the abatement or avoided emissions (tonnesyr), r is
the discount rate (/yr), and t isthetime (yr). Note thet if carbon emissions are removed from the
atmosphere, A(t) is pogtive and a positive economic benefit (credit) results. If carbon lesks from
the storage reservoir into the atmosphere, A(t) is negative and a hegative economic benefit

(debit) results. The carbon price may change over time, so if carbon is removed from the
atmosphere when prices are high and it leaks back in when prices are low, the sequestration can
dill have anet economic positive benefit.

To evauate equation 1, assumptions must be made about both a carbon price and a discount rate.
It isimportant to note that no matter what methodology one uses, thisinformation is aways
required to eva uate mitigation economics over time. However, in many methods, these
assumptions are hidden because they are made implicitly. The ton-year gpproach implicitly
assumes carbon prices that are constant over time and that the correct discount rate is 0%, at least
up to the artificialy truncated horizon of 100 years.

Equation 1 can aso be gpproximated as a summation as follows:
s
NPV = g p(t)a(t)(1+r)" 2
0

where a(t) is now the amount of carbon flowing into the sequestration reservoir for agiven time
interva (note that if the net carbon flow is out of the reservair, then a(t) is negative).

The sequedtration effectiveness (h) is defined asthe ratio of the net benefit gained from
temporary storage compared to the benefit gained if the storage was permanent. A sequestration
effectiveness of 100% corresponds to permanent storage, while one of 0% has absolutely no
benefit. Note that to fully judge whether a sequestration strategy is worthwhile, costs must dso
be consdered. For example, it is more economical to pursue an option with a sequestration
efficiency of 50% if it costsless than hdf (in terms of $/tonne) of a permanent sequestration
option. Equations 1 and 2 can easily be modified to include sequestration costs as well as
benefits. However, examining sequestration costs is beyond the scope of this paper.



For the case of where a, tonnes of CO, are sequestered at t=0 and there are no leaks over time
(i.e., permanent sequestration), equation 2 reduces to poa,. If thisreservoir leeks over time, the
sequestration effectiveness can then be calculated asfollows:

a p(t)at)(d+rn)"
P2,

h =

3

Carbon Prices Over Time

A critical element of equation 3 isthe carbon price. We describe three cases in terms of the price
path, independent of the specific leve of price, and show that in each case, the absolute level of
price drops out of the comparison of relative efectiveness of temporary as compared with
permanent storage. Thus, the formulation describing the relative value of the different options
does not depend on whether one believes the current price of carbon should be very high or very
low but instead on characteristics of the price path. In this regard, we choose two extreme cases
that bracket possible future price paths (constant price and exponentia increase), and an
intermediate case (exponentia increase for some period and congtant thereafter). Casua
interpretation might imagine that the exponentia price case is a high price case, but the congtant
price case could be avery high price, and theinitid value of the exponentia price very low such
that it would be hundreds or thousands of years before the exponential price exceeded the
congtant price. We apped to traditiona cost-benefit andyssto judify these different paths but,
because the level of the price drops out of the fina equation, we make no particular assumption
about the lspe(:ific methods used to vaue damages, or how damages to different groups are
weighted.

More criticd to this formulation is the assumption of cost-effectiveness—i.e. that however the
god of a carbon mitigation policy is developed, it is achieved cost-€effectively by equilibrating
carbon price across options and comparing options across time by considering the time vaue of
funds—i.e. using adiscount rate. Perhgps the most troubling aspect of the management of very
long term problems such as dimate change isthat it requires an inditutionad commitment to
pursue a policy indefinitely. The reasoning we use to justify these different paths implicitly
requires such commitment. Specificdly, this formulation implies thet, over the hundreds and
even thousands of years over which carbon may leak out of areservoir, an inditution like the
Framework Convention on Climate Change (FCCC) and the governments that support it remain
in place or are succeeded by smilar inditutions that maintain a commitment to manage
atmospheric carbon as described by these cases. Given theinability of at least some of the
current governments (notably the United States) to agree even to the Kyoto Protocol this
assumption may seem farfetched a best. In the case of long-term (but temporary) storage of
carbon through ocean sequedtration, for example, we are implicitly assuming that as the carbon is

! For example, aview that endangering some set of small island states is a catastrophic loss that could not be
compensated is completely consistent with our model as long as one can describe a concentration of GHGs that
would avoid theloss. In this case, one need not appeal to monetary val uation of damages or necessarily rely on a
Pareto optimality that relies on the assumption that losers from the policy are conpensated.



gradudly returned to the atmosphere over thousands of years that an FCCC-like indtitution
enforces a carbon policy that offsets this leakage back to the atmosphere?

Whether it is possible to insure an intergenerationa commitment of the type required to manage
climate change has been the subject of consderable analyss and discusson with regard to the
gpplicahility of discounting to the dimate problem (Lind and Schuler, 1998) and its equity
implications among generations. In our case of sequedtration, a current, or intervening,
generation might pursue sequedtration in leaky reservoirs redizing that only future generations
would bear the extra costs associated with the leskage and these future generations have no way
to go back and make the earlier generations pay. Obtaining efficiency, and equity, requires that
each generation respects the long-term carbon management plan and operate without shirking its
responsbility. Asdescribed in Lind and Schuler (1998) some have proposed that abond be
posted as some form of insurance should a generation shirk but there is no way to prevent an
intervening generation from rewriting the rules and cashing in the bond other than trusting them

to befair. But, the bond is necessary only becauise one did not trust them in the first place, and
S0 it offers no additiona protection.

The problem of intergenerationad commitment reemphasizes our earlier point that avoided
emissons, while consdered ‘permanent’ arein fact not so. A shirking generation or two could
go back to using foss| fuels without restraint, aslong asthey remain in the ground. Thus

avoiding fossl fud use now is a permanent reduction in concentrations only to the extent that we
trust that al intervening future generations do not shirk. About the only way to avoid the

potentia to shirk is through technologica solutions. One would be to invent dternatives to fossil
fudsthat are so much more desirable (e.g. dominates foss| fuelsin al ways) that future
generations have no reason to want to use them. A second would be to dig up dl the fossl fuels,
burn them, and permanently sequester the carbon in aform that would never be released to the
atmosphere (e.g. cacium carbonate). Absent these rather extreme cases, the best our generation

2 With an absol ute concentration cap, anatural earth system that otherwise wasin ‘equilibrium’ (zero net exchange
of carbon between the atmosphere and other reservoirs) would require net negative emissions to offset this|eakage.
As pointed out by an anonymous reviewer, if the only option for managing atmospheric carbon were to reduce fossil
fuel emissions then net negative emissions would not be possible. This boundary condition would appear to
preclude the use of temporary storage and still maintain an absolute cap on concentrations. Existence of a
technology that can remove carbon from the atmosphere in sufficient amounts to offset the leakage is one way to
avoid this boundary condition. Retaining forest carbon sink potential for later periods, so that a further permanent
managed increase in the forest carbon stock could be achieved through forestation, is one such technology that
overcomes this boundary condition. This would place some strong limits on the quantity of sequestration in leaky
reservoirs. Others (Dubey et al., 2002) have suggested the technical feasibility, and even argued that it could be
economically feasible, for removing carbon from the atmosphere using technology similar to that used to remove
CO, from asmokestack. The carbon so removed could be permanently sequestering it as calcium carbonate, for
example. Thiswould be abackstop that could achieve indefinite net negative emissions. Even if such backstops are
removed from consideration, an efficient solution might still indicate economic value in using some leaky storage
now, to slow the rate of climate change. The economic rationale would be that temporary storage would then allow
amore gradual and less costly adaptation of the economy and natural ecosystems. To be able to still meet the
concentration target, it would then be necessary to keep cumulative emissions low enough so that, even after all of
the ocean carbon leaked back to the atmosphere, the target concentration would be met. The addition of the
temporary storage option provides added flexihility to jointly optimize both the economic costs of restructuring the
economy and the time profile of climate damages. Again, management of carbon at this degree of precision over
centuries raises the many issues associated with institutional stability and the inability to bind intervening
generations to the long-term management plan.



can do isto operae in aresponsible manner and trust that intervening generations will do the
same. Given theinditutiond commitment to manage carbon over time, we can now andyze
Equation 3 in terms of three different price paths.

Case 1 - Constant Carbon Prices

In this case, p(t) = po, Which reduces equation 3 to:

8 a)(L+ )"
a,

h= @)

Thisisasmple formulation that assumes there are constant marginal damages from increasing
emissions of greenhouse gases® With constant margina damages the optimal price path is fully
determined by the marginal damage. The carbon priceis constant over time and equal to the
margind damage estimate. Any judtification for thisformulation is based more on lack of
contrary evidence than clear evidence for constant marginal codts. Estimates of damages remain
highly uncertain (Tol, 2001), but one feeture of damage studiesisthat nearly al aggregate
monetized damage estimates are based on impact studies using equilibrium doubled CO, dimate
scenarios (Rellly et al., 2001b; Nordhaus and Boyer, 2000). The single point estimate of
damages does not provide degrees of freedom to estimate curvature of the damage function.
Some literature assumes that the varying temperatures derived from different climate models
under a CO, doubling can be used asif they were the smulated climates from a single climate
model with varying concentration levels. Other work has used pure sengitivity anayss,
arbitrarily varying temperature and precipitation in an impact model. This evidence has
suggested to some anadlysts that damages may increase more than proportionally with
temperature (Smith et al., 2001). Emissons and temperature are, however, aso non-linear as
radiative forcing increases less than proportionaly with concentrations changes because of
saturation, as reviewed by Hansen et al. (2000). This nont-linearity operatesin the opposite
direction, perhaps canceling to some degree the supposed non-linearity in damage and
temperature.

Case 2 - Carbon Prices I ncrease at the Discount Rate

In this case, p(t) = po (1+r)", which reduces equation 3 to:

a a(t)
h =0 5)
a,

Note that mathematicdly, this scenario is equivaent to having congtant prices, a 0% discount
rate, and an infinite time horizon.

3 With constant marginal damages, total damages will rise over time as concentrations increase.



Thisformulation views the additiona carbon holding capacity of the aamosphere as afixed
resource that can be alocated over time. This conception of the problem is roughly consstent
with the god in Framework Convention on Climate Change of stabilizing concentrations of
greenhouse gases. Given a stabilization target and assuming eventud long-run equilibrium is
established with the terrestrial and ocean stocks, a concentration god implies afixed calling on
cumulative emissons from foss| fuels over dl time. The economic problem isto dlocate the
rights to these cumulative emissons over time. Hotelling (1931) demondtrated that under such
conditions the price path for the resource would rise at the discount rate. The price for such a
resource has since come to be known as a Hotelling rent.

Case 3 - Carbon Prices Increase at the Discount Rate for t* Years, then Remain Constant
In this case, sequedtration effectiveness is calculated by equation 6:

Iy ¥
a at)+q a)(@+n "
0

- (6)
a,

h=

The rationale for this case is that there is an dternative non-foss| energy source that will place a
cap on abatement costs. Often such atechnology is referred to as a backstop technology, aterm
attributable to Nordhaus (1979) who showed that under such a case the price path will follow
that of aHotelling resource, rising at the discount rate, until it is capped by the backstop price.
The assumption hereis that a carbon-free energy backstop enters at time t*, but a premium price
over foss| energy. The owner of the lesking reservoir could indefinitely purchase permits at the
backstop price to cover leskage.* In this case, the long-term price is set by the abatement cost
independent of the damage cost. Many technologically based modes of the globa energy
system assume one or more backstop technologies exist (Manne and Richels, 1995; Edmonds et
al., 1995). In these complex modes an absolute cap may not be achieved for various reasons.
The amplified price path we use captures the essence of this representation of the future.

4 An anonymous reviewer questioned whether incentives to develop such a backstop would exist if ‘ quick fix’
sequestration were being used. That is: Why would anyone develop such a backstop if it appeared that the problem
was solved by ocean sequestration? The earlier discussion regarding intergenerational commitment provides the
general answer to this question. In the specific case of the incentives to develop a backstop, we require that our
responsible FCCC-like institution would credibly maintain its carbon management goal no matter what happened.
Thus, failure to devel op a backstop would lead to continued exponential escalation of the carbon price, making
invention of the backstop ever more economically attractive. To get introduction of the backstop just asitspriceis
competitive requires forward-looking agents. While an exact introduction at its marginal price would, in our view,
be at best arough approximation, it is the case that economic agentsin markets appear to act in aforward-looking
manner. For example, agentslooking ahead to the predicted exhaustion of known fossil fuel deposits or toward
expected limits on cultivable land have proved amazingly inventive such that, instead of rising prices for fuels and
food as such limits would imply, the long term trend in real prices so far has been down for as far back as records
can be constructed. Theimportant difference with carbon management is that the constraint on emissionsisnot a
physical given (asin the case of fuel resources and land) but must be imposed by an institution that might come
under the control of ageneration of shirkers.



Applying Sequestration Effectivenessto Ocean Carbon Sequestration

To illudrate the above methodology, we andyze carbon sequestration in the deep ocean. We
chose this example because we can use amodd to quantitatively predict the leskage rate over
time and the Storage time is on the order of centuries (as opposed to decades or millennia), which
is probably the time period of most interest for temporary storage. Also, ocean carbon
sequedtration is currently being researched as a possible carbon mitigation technology.

Modeling a leaky ocean

In describing oceanic uptake of CO,, one can state that more than 80% of the carbon injected
into the atmosphere will end up in the ocean. It is equaly true that over 80% of any CO;
injected into the ocean will remain in the ocean. However, it can aso be said that for certain
locations, any injected CO, will legk out on atimescae of 300 years. In order to properly
amulate this problem, it isimportant to understand how this superficidly differing clam can be
reconciled with the first two Statements.

At the heart of theissueis separating “engineered” sequedtration from “natural” sequestration. If
we emit CO; to the amosphere, naturd cycleswill eventudly absorb gpproximately 80% of it
into the ocean. If weinject the CO, into the ocean ingteed, al of it will eventudly lesk out (bass
of the 300 year timescde), but most of it will eventualy get reabsorbed by the ocean (claim that
80% remainsin the ocean). If we werelooking at lesks from a geologic reservoir, we would not
take credit for the ocean absorption vianaturd cycles. Similarly, when judging the effectiveness
of ocean reservoirs, we should not consider the reabsorption of CO, that has degassed to the
amosphere.

To correctly account for this effect in amodel, one must choose an appropriate atmospheric CO,
boundary condition. The modd could be run with a specified atmospheric CO, concentration,
where dl of the injected CO, will have leaked back to the atmosphere in the steady Sate.
Alternatively, it could be run with aresponsive aimospheric CO, concentration that increases as
the sequestered CO, outgasses, with about 80% of the injected CO, remaining in the ocean at
steady State. We suggest that the specified atmospheric CO, boundary conditionisthe
appropriate one for measuring the effectiveness of ocean sequestration strategies, because it does
not credit ocean sequestration with the natural uptake of CO, from the atmosphere.

Simulation Modéel

A st of amulations of direct injection of CO, into the ocean usng aone dimensond box-
difftuson modd (Cdderaet al., 1998) were performed to calculate the rate at which the CO,
outgases into the atmosphere over time. The modd was run for ageneric ocean site with
injections at depths of 500, 1000, 1500, 2000, and 3000 meters.

In the model, the ocean is represented by a box-diffuson mode (Oeschger et al., 1975;
Siegenthaler, 1983) with a 75 m thick mixed-layer and atotal depth of 3800 m, as described by
Cdderaet al. (1998). Ocean carbon chemistry (Stumm and Morgan, 1981) is calculated usng a
surface temperature of 18 °C, sdlinity of 35 psu, and akainity of 2.23 eq 3, with constants as
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gpecified in Roy et al. (1993), Dickson (1990), Millero (1995), and Weiss (1974). The eddy
diffusion and gas-transfer velocity coefficients were chosen such that the change in ocean 4CO,
inventory between 1945 and 1975 matches the estimated 1975 bomb radiocarbon inventory
(Broecker et al., 1995) of 305 x 10?® atoms, and the modeled 1975 ocean mean and surface ocean

214C0, matches the basin-volume-weighted mean of the natura plus bomb ?14CO, values

measured in the GEOSECS program (Broecker et al., 1985). Thistuning yielded avertica eddy
diffusion coefficient is 8,820 nf yr* at the base of the mixed-layer, diminishing with an e-
folding length scale of 500 m to aminimum of 2,910 n? yr a the ocean bottom. The tuned gas

transfer velocity is equivalent to 0.0543 mol m™ pam ™ yr* at 18 °C. More details on the

modeling can be found in Cdderaet al. (2001).

It should be noted that different ocean models would give somewhat different quantitative
results, but they dl have asimilar overdl character (Orr et al., 2000; Caldeiraet al., 2002;

Wickett et al., in press). Thisisbecause dl modds retain 100% of theinjected carbon initidly
and asymptote at zero long-term net additional carbon storage (relaive to atmospheric release) as

time gpproaches infinity; hence, the mode s differ only in how they trangtion from theinitia

date to the final state. For example, after 100 years of smulated injection, dl the ocean generd
circulation models consdered by the Ocean Carboncycle Mode Intercomparison Project (Orr et
al., 2000) retained at least 97% of the CO, injected at 3000 m, 82-96% of the CO, inected at
1500 m, and 73-83% of the CO; injection at 800 m. The schematic model considered here
retained 99.98%, 95%, and 68%, respectively, for these depths. Therefore, while using different
ocean models may change our quantitative results somewhat, they do not affect the results and
conclusions we draw concerning how to account for leskage from a storage reservoir.

Simulation Results

The results of the model smulations are shown in Figure 1. The derivative of these curvesis

essentidly the function A(t), so we can easily calculate values for a(t) to use in Equations 4- 6.
Using a 3% discount rate and carbon price assumptions outlined in the previous section,
sequestration efficiencies can be caculated for dl cases. For case 3, cdculations are made for 5
vauesof t*. Resultsareshownin Tablel.

Tablel. Calculated Valuesfor Sequestration Effectiveness Using a 3% Discount Rate

Depth

Casel

Case 2

Case 3a

Case 3b

Case 3c

Case 3d

Case 3e

=20

t* =50

t* =100

t* =200

t* =500

500

66.3%

0%

49.0%

36.9%

27.9%

20.2%

12.3%

1000

89.4%

0%

81.5%

69.6%

56.6%

43.0%

27.4%

1500

97.2%

0%

94.9%

89.4%

79.7%

65.4%

44.7%

2000

99.5%

0%

99.0%

97.7%

93.7%

84.3%

63.5%

3000

99.96%

0%

99.9%

99.8%

99.4%

96.8%

83.4%

For case 1, where carbon prices are condant, there is a definite benefit from delaying the carbon
emissions. Under this scenario, sequestration in the deep ocean below depths of 1500 m will
have essentidly the same effect as permanent sequestration.
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In case 2, where carbon prices rise at the discount rate, no distinction is made about when CO; is
emitted. Emitting one ton athousand years from now will have the same impact as emitting one
ton today. Under this scenario, leaky reservoirs are not effective for carbon sequestration as
eventudly al of the carbon lesks. Permanence is a necessary criterion.

Case 3, where carbon pricesrise at the discount rate for t* years and then remain constant, may
be the mogt redistic scenario and dso yields the most interesting results. If a backstop
technology can be devel oped before the carbon stored in the reservoir startsto leak in significant
quantities, then the sequestration can be very effective. For example, a a 3000 m injection
depth, only 5% leaks out over the first 280 years, o the sequestration effectivenessis very high
even at t*=200 years. On the other hand, at 500 m, 5% leaks out after 5 years making the
sequestration effectiveness poor even for at*=20 years.

Conventiona wisdom has been to inject CO, as deep as possible in the ocean to dow itsreturn to
the atmosphere (Figure 1). However, the above andlyss shows that this smplified view isnot a
robust conclusion. In fact, the depth of injection very much depends on how one views the price
path for carbon emissions. To rigoroudy ca culate optimum injection depths, a caculation of

costs versus injection depth is needed in addition to the benefits versus depths shown above.
However, rough estimates for target inject depths can be made asfollows:

Case 1 assumptions suggest injection depths of 1500 m.

Case 2 assumptions imply that non-permanent sequestration is ineffective, so depthis
irrelevant.

Case 3 assumptions indicate that optimal injection depth is related to the time of entry of
abackstop technology. Entry in 20 years suggests 1500 m is adequate, while entry in 100
years would want injection depths of at least 2000 m. Injection depths of 3000 m are
warranted for entry of a backstop at 200 years.

Table Il exploresthe affect of the discount rate. We varied the discount rate from the base case
of 3% to 1%, 5%, and 7% for the 1500 m depth injection. Increasing the discount rate above 3%
resulted in only smd| changes to the sequestretion efficiency. However, very sgnificant

changes are encountered as the discount rate is lowered and approaches 0%. Thisis not
surprising because a a 0% discount rate, the sequestration effectiveness goesto zero in al cases.

Tablell. Sequestration Effectiveness asa Function of Discount Rate for a Depth of 1500 m

DiscRate| Casel Case?2 | Case3a | Case3b | Case 3c | Case 3d | Case 3e
t* =20 t* = 50 t* = 100 t* = 200 t* = 500
1% 87.1% 0% 84.3% 79.3% 71.4% 60.0% 42.2%
3% 97.2% 0% 94.9% 89.4% 79.7% 65.4% 44.7%
5% 99.0% 0% 97.3% 92.1% 81.9% 66.8% 45.2%
7% 99.5% 0% 98.3% 93.2% 82.9% 67.5% 45.5%
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Conclusions

1.

The appropriate formulation to the “permanence” issue as it relates to carbon sequedtration is
to ask, “ What is the value of temporary storage?”

In practice, a non-permanent CO, sequestration reservoir is no different from avoided
emissonsthat areleft in the ground as unused fossi| fuels. Fossi| fud not used today is il
avalablefor usein the future. Permanence or lack thereof of different mitigation optionsisa
function of the policy regime. A policy regime with a permanent globa net emissons cap
and permanent ligbility for sequestered carbon will mean that as far as aamospheric
concentrations are concerned, reductions are permanent athough it may be of economic
interest to reverse some reductions and make up for them with other reductions as economic
conditions change. If the emissons cap isnot global or cannot be maintained in perpetuity,
then emissions reductions today will be subject to tempora leskage, Smilar to alesky
reservoir.

Since we conddered the vaue of temporary storage relative to permanent, we could develop
amathematical formulation that depended only on the price path, as opposed to absolute
prices. Absolute priceswill be required if one wanted to compare the benefits of temporary
storage to their costs.

Our results show that the vaue of reatively deep ocean carbon sequestration is nearly
equivaent to permanent sequestration if margina damages (i.e., carbon prices) reman
congtant or if there is a backstop technology that caps the abatement cost in the not too
digtant future. There is little value to temporary storage if carbon pricesrise a or near the
discount rate.

The price paths we developed were justified through apped to the results one would obtain
from a dynamic cogt- benefit andysis of the climate problem, under different and highly
gylized assumptions of climate damages and the availability of mitigation options. Thelong
term and intergenerationa aspect of the climate problem poses risks that are not easily
removed for future generations and for nearly dl mitigation options. A generation or two of
shirkers who irresponsibly emitted more carbon from burning foss| fudls after earlier
generations had not or who irresponsibly made excess use of leaky reservoirs can impose
inequitable costs on future generations.

For the specific example of ocean sequestration, many scenarios do not require injection into
the deepest ocean. However, degper injection depths would be required for some of the price
paths andyzed.

The results are not very senditive to the discount rate chosen, as long as the discount rate is

greater than about 2%. As the discount rate approaches zero, the sequestration effectiveness
approaches zero for al cases.
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Fig. 1. Leskage over time asafunction of injection depth.



